A B S T R A C T The absorption of vitamin B12 in many animals requires its prior association with intrinsic factor (IF) and attachment to a specific receptor in the intestine. Employing Triton X-100, we have solubilized from guinea pig ileum a factor that binds intrinsic factor-vitamin B12 complex (IF-B12). This binding factor was soluble to the extent that it was not sedimented by centrifugation at 100,000 g for 1 h and was small enough to enter the included volume of a Sepharose 4-B column.
A B S T R A C T The absorption of vitamin B12 in many animals requires its prior association with intrinsic factor (IF) and attachment to a specific receptor in the intestine. Employing Triton X-100, we have solubilized from guinea pig ileum a factor that binds intrinsic factor-vitamin B12 complex (IF-B12). This binding factor was soluble to the extent that it was not sedimented by centrifugation at 100,000 g for 1 h and was small enough to enter the included volume of a Sepharose 4-B column.
Furthermore, the ileal extract contained no microfine particles of membrane upon electron microscopic search. When a portion of the extract was incubated with a mixture of gastric juice and 6"Co-labeled vitamin B12, a portion of the radioactivity was excluded from a Sephadex G-200 column. When gastric juice from a patient with a congenital abnormality of IF that prevented its binding to intestine was substituted for normal human gastric juice, radioactivity was not excluded from the gel, indicating failure of this abnormal IF-B12 to bind to the intestinal extract. These data suggested the presence of a specific binder of IF-B12 in the ileal mucosal extract. The reactions of normal IF-B12 with the solubilized binding factor and with the membrane-bound "receptor" had several characteristics in common, including calcium dependence, temperature independence, and pH optimum near neutral. Extracts from the distal intestine showed more activity than did those from the proximal. The solubilized binding facter seemed specific for IF-B12 in that it was not blocked by prior incubation with excesses of either free vitamin B12 or IF. Binding activity of the extract was decreased by incubation at pH 2.0, by heating to 560C, and by incubation with chymotrypsin and dithiothreitol. Incubation with trypsin, neuraminidase, and sulphydryl blockers did not affect it.
The Triton X-100 extract of guinea pig ileal mucosa contains a specific binding factor that probably is the INTRODUCTION Dietary vitamin B12 is absorbed from the small intestine of many animals, including man, by a complex process that begins when the vitamin is bound by intrinsic factor (IF)' (1), a glycoprotein that is synthesized and secreted by the gastric mucosa (2) . In vitro studies have shown that preparations containing IF facilitate the uptake of vitamin B12 by everted intestinal sacs (3) , mucosal homogenates (4), and microvillous membranes (5) prepared from the distal small bowel. This uptake is dependent on pH and the presence of calcium ion (6) .
Similar preparations of proximal small bowel do not have this property. Thus, the mucosa of the distal small intestine was thought to contain a specific receptor to which vitamin B12 would bind in the presence of normal IF (7) . Uncertainty exists about the role of IF in subsequent events before the appearance of vitamin B12 in portal vein blood. However, it seems clear that the first step in the intestinal phase of vitamin B12 absorption involves the hypothesized receptor. Recently, Toskes, Hansell, Cerda, and Deren suggested that a pancreatic factor may be required for normal vitamin B12 absorption, though it is not clear at which level this factor might have a role (8) .
Our understanding of the mechanism of IF-mediated vitamin B12 absorption might be facilitated by the isolation and study of the receptor for intrinsic factor-vitamin B12 complex (IF-B12). Several attempts to isolate this receptor have been reported (5, 9) , but uncertainty exists about the validity of the claims of success (10) .
Within the last decade, transport proteins from bacterial cell membranes have been successfully removed in soluble form (11, 12) . In this report, we shall describe the extraction of a factor from homogenates of guinea pig intestinal mucosa that bound normal IF-B12. This factor was soluble to the extent that it was not sedimented by centrifugation at 100,000 g for 1 h and was small enough to enter the included volume of a Sepharose 4-B gel filtration column. Furthermore, an electron microscopic search of the mucosal extract did not reveal any identifiable membrane particles. We have studied some of the properties of this binding factor and suggest that it is the specific receptor for IF-B12.
METHODS
High specific activity ["7Co] B2 (100 tLCi/,ug), purchased from Amersham-Searle Radiochemical Laboratories (Buckinghamshire, England), was used for all the studies to be described. Gastric juice was obtained from human volunteers by intermittent hand suction through a nagogastric tube after the subcutaneous injection of 50 mg of betazole hydrochloride. It was kept on ice, filtered through gauze, and depepsinized (13) . The total vitamin B12-binding capacity and the IF content of gastric juice from each donor were measured by the albumin-charcoal method of Gottlieb, Lau, Wasserman, and Herbert (14) . were then separated by centrifugation at 100,000 g for 1 h. Each supernate was collected, dialyzed for 48 h against two changes of 10 liters of deionized water, and concentrated by lyophilization. Extract so prepared was kept at 4VC until used (usually within 2 mo).
To determine whether a factor that altered the radius column. The only difference from normal which wve had in the past been able to demonstrate in the inert IF lay in its inability to facilitate B12 uptake by ileal mucosa (15) . Thus, the data suggested that a specific binder of normal IF-B= was present in the Triton X-100 extract of ileal mucosa.
Solubilization studies. Initial experiments were designed to determine the best conditions for solubilization of the membrane-bound receptor. An operational definition of solubility was adopted: soluble receptor was considered to be that specific binding activity that remained in the supernate when a suspension of membrane particles was centrifuged at 100,000 g for 1 h. Several extraction procedures were evaluated. These are listed in Table I tracting fluid of low ionic strength and high pH, containing Triton X-100. The requirement for Triton X-100, however, was not absolute. Excellent recovery of solubilized receptor was also obtained when distal intestinal mucosal homogenates not disrupted by sonification were suspended in large volumes of 0.003 M sodium phosphate buffer of pH 8.0 without Triton X-100. Fig. 2 shows the results obtained when equal portions of washed ileal mucosal homogenates were suspended in increasing volumes of 0.003 M sodium phosphate buffer of pH 8. 0. The quantity of binding activity that was recovered in the supernate after centrifugation at 100,000 g increased as the volume of buffer used in the extraction procedure increased.
When an aliquot of supernate was concentrated to half its volume with Carbowax (Union Carbide Corp., New York), then recentrifuged at 100,000 g, a reduction of receptor activity from that expected was observed. This reduction could be eliminated by adding Triton X-100 (0.05%) before the concentration and recentrifugation procedures. These data suggested that the receptor, when present in the solvent in greater than a CD) 0. critical concentration, aggregated to form larger particles that could be sedimented by centrifugation at 100,000 g.
At least a part of the effect of Triton X-100, then, was to reduce this tendency of the solubilized receptor to form aggregates that could sediment.
Suspension of 4.0 g (wet weight) of sonified ileal mucosal homogenate in 1 liter of 0.003 M sodium phosphate buffer of pH 8.0 containing 0.05% Triton X-100 resulted in the recovery of some 250 mg of extract. The protein content of the extract as determined by the method of Lowry et al. (17) was 9.0 mg/25-mg portion. When 25 mg of extract was subjected to ethanol-ether treatment (18) , the protein precipitate weighed 9.5 mg. When the supernate was evaporated to dryness, the residue weighed 14 mg. The extract thus appeared to be about one-third protein and two-thirds lipid. Electron microscopic examination of the extract dissolved in water and negatively stained with phosphotungstic acid (20) revealed no microfine particles of membrane.' Receptor activity was stable upon storage of the extract in lyophilized form at 40C for at least 4 mo.
To determine whether the radioactive vitamin B12 bound by the receptor and emerging in the excluded volume of a Sephadex G-200 assay column was still attached to IF, the three earliest fractions containing part of the excluded volume were pooled, and Na2EDTA was added to a final concentration of 0.005 M. Chelation of divalent cations by Na2EDTA is known to free the vitamin B12 taken up by mucosal homogenates when normal IF is present (6) . After incubation on melting ice for 30 min, an aliquot of the Na2EDTA-treated sample was refiltered on a Sephadex G-200 column, and two peaks of radioactivity were noted, one in the excluded volume, representing some 50% of the starting counts, and the second in the included volume, where 2We are grateful to Mrs. M. Gomersall, Department of Microbiology and Immunology, McGill University, for preparation of the specimens for electron microscopy.
IF-Bi2 normally emerged. To prove that this second peak was indeed IF-B12, a second aliquot of the starting material was incubated with serum, known to contain an antibody that binds to IF-Bn, from a patient with pernicious anemia. After standing at 00C for 30 min, this mixture was filtered on Sephadex G-200. Only one peak of radioactivity was noted in this experiment, and it emerged in the excluded volume. This suggested that the second peak had been recognized and bound by antibody to IF-B12, rendering it sufficiently large to be excluded from the Sephadex G-200 gel.
Mucosal homogenates take up IF-B12 only when divalent cations are present. Chelators of divalent cations, such as Na2EDTA, have been shown to block this uptake entirely (6) . The effect of Na2EDTA on the binding of radioactive IF-Bn by ileal mucosal extract was studied by assaying 25 mg of extract dissolved in buffer containing 0.005 M Na2EDTA. Receptor activity was reduced to 10% of that of a control assayed without Na2-EDTA. This experiment was repeated employing the same Sephadex G-200 column and the same concentration of Na2EDTA, but this time with CaCl2 added to a final concentration of 0.006 M. Receptor activity under these conditions was identical to that of a control. method for IF-Ba receptor activity. The results were corrected to reflect the total receptor activity present on the mucosa obtained from each quarter of the small intestine. The data are shown in Fig. 4 . It was noted that, as expected, most of the receptor activity was associated with the membrane portion of the mucosa. The increase in receptor activity was similar by both homogenate uptake and gel filtration assay techniques as the more distal segments of the small bowel were studied.
To demonstrate the effect of the concentration of IF-[7Co]Bn on receptor activity, increasing quantities of it were added to 25 mg of distal intestinal extract dissolved in 2 ml of CaCh-containing buffer. The total volume of the reaction mixture was immediately made up to 5 ml with Tris-HCl-buffered saline, pH 7.4, containing 0.001 M CaCl2. The reaction was permitted to proceed for 60 min at 0C before gel filtration on Sephadex G-200. The results obtained are shown in Fig. 5a . The IF-B12-binding factor could be saturated by increased concentrations of IF-B12. The association constant obtained by plotting the data by the Scatchard method (see Fig. 5b ) was 0.76 X 109 M-l. The number of binding sites available in 25 mg of extract was calculated as 2.7 X 101a.
The effect of pH on the uptake of IF-B12 by ileal mucosal extract was studied by incubating portions of the extract with IF-B12 in Tris-HCl-buffered saline at various pH's from 2 to 11, then filtering on a Sephadex G-200 column that had been previously equilibrated with buffer to the same pH. The results are shown in Fig. 6 and indicate that the optimum pH for binding is between 6 and 9.5. IF-Ba-receptor complex was filtered on a Sepharose 4-B gel column (60 X 2.5 cm diameter) that had been standardized with blue dextran 2000, immunoglobulin M, albumin, and glucose. The resulting elution pattern showed a peak of binding activity emerging after blue dextran 2000, indicating that the IF-Bn2-receptor complex was indeed small enough to enter the included volume of the column.
The effect of temperature on the uptake of IF-B12 by receptor in ileal mucosal extract was studied as follows: Extract was incubated with IF-B12 at 00, 370, and 560C for 60 min before gel filtration on Sephadex G-200. Uptake at 00C was 90% of that at 370C, and at 560C, there was no apparent binding. Incubation of extract at 560C for 30 min, followed by cooling to 0°C, addition of IF-[`TCo]B=2, and assay by gel filtration demonstrated that receptor activity had been destroyed by heating. The mechanism of selective membrane permeability has been the subject of much recent work employing bacterial cells. Developments have included the isolation and partial purification of some of the components of the specific sugar transport system of Escherichia coli (12, 23) . In similar fashion, the isolation in pure form of some of the components of the system with which animals absorb vitamin B12 might facilitate our understanding of this intriguing transport mechanism. Recently, IF has been purified in good yield from hog and human gastric juice (24) . We have converted membranebound receptor for IF-B12 from guinea pig ileum into a form which fulfills current criteria for solubility. The previously well-documented characteristics of the membrane-bound receptor for IF-B1, such as localization in the distal small bowel, calcium dependence, Na2EDTA inhibitability, and pH dependence, were all established for the solubilized binder obtained from guinea pig ileal mucosa. Vitamin B12 bound to inert IF was not taken up by this binder. Only vitamin B12 bound to normal IF was recognized by the solubilized binder, as evidenced by the blocking experiments illustrated in Fig. 3 . The identity and specificity of the binding factor in intestinal extracts was thus firmly established. Since IF-B1 could be identified in the excluded volume of a typical gel filtration experiment, it seems probable that it is the entire complex and not vitamin B12 alone that is bound by the receptor.
Donaldson, Mackenzie, and Trier reported the presence of a factor that bound IF-B12 in the supernate obtained when hamster microvillous membranes were sedimented at 30,000 g (5) . Centrifugation at 54,500 g of a similar preparation resulted in the loss of this activity. Rothenberg similarly reported the presence of a binder of IF-B12 in the supernate obtained when guinea pig mucosal membranes were centrifuged at 30,000 g (9) . Several authors have suggested that Rothenberg may not have been sedimenting tiny particles of membrane and that the binder he studied may actually have been particulate (10, 25) . In 1970, Pastan, Blanchett-Mackie, and Pricer reported that even centrifugation at 100,000 g does not sediment all particulate matter (26) . A recently published definition of a soluble molecule includes the following characteristics (27) : (a) cannot be sedimented by centrifugation at 100,000 g for 1 h, (b) enters the included volume of a Sepharose 4-B column, and (c) contains no microfine particles of membrane on electron microscopy. By each of these criteria, the binder we have studied is soluble.
In its solubilized form, the receptor for IF-B12 was amenable to studies of its composition. The heat and acid lability of the receptor suggested that it is a protein. Furthermore, receptor activity was reduced by incubation with chymotrypsin. Treatment with neuraminidase did not destroy it, suggesting that sialic acid residues are not critical to function; and treatment with sulphydryl blockers had little effect on it, which indicates that sulphydryl groups are not involved in normal function. Finkler and Hall have demonstrated that the membrane-bound receptor for IF-B12 is destroyed by dithiothreitol (28) . This was also the case when the solubilized receptor was incubated with the same concentrations of dithiothreitol that they used. The effect of Triton X-100 in increasing the yield of soluble receptor of IF-Bu suggests, but of course it does not prove, that it is a lipoprotein.
Cooper, studying uptake of IF-B12 by everted sacs of guinea pig intestine, reported an association constant for the reaction of 0.68 X 109 M1 (3) . The association constant which we obtained with solubilized receptor was 0.76 X 109 M-. This similarity to Cooper's data implies that the presence of residual Triton X-100 in the extract, which seems likely by extrapolation from previous reports with other systems (29), did not measurably alter at least this one parameter of receptor function.
